Introduction
The excitation of atoms, molecules or solid materials by intense radiation is highly complex. In atoms the interaction under strong field conditions can be separated into two regimes by the well-known Keldysh parameter (Augst et al . 1989) . Using lower pulse intensities multi-photon excitation is the dominating process. For higher intensities the laser field itself reduces the potential barrier for the electron inside the atom which allows ionisation by tunneling or barrier suppression. In contrast to atoms where the interaction with intense light depends mainly on the laser field intensity (Perry et al . 1988) , in clusters the ionisation could be enhanced due to many body effects which possibly lead to multi-plasmon excitations. Indeed, for rare gases it has been shown that electromagnetic energy can be efficiently coupled to matter when clusters are used instead of atoms (McPherson et al . 1994; Donnelly et al . 1996; Synder et al . 1996; Lezius et al . 1998; Shao et al . 1996; Ditmire et al . 1997a ), e.g. ion emission with extremely high kinetic energies reaching up to 1 MeV was detected (Ditmire et al . 1997b) . Several theoretical approaches have been introduced to explain these observations: the collective electron motion model by Rhodes and co-workers (McPherson et al . 1993) , the hydrodynamic approach by Ditmire et al . (1996) and the ionisation ignition model by Rose-Petruck et al . (1994) .
Low intensity photo-excitation of metal clusters has been the subject of a large number of investigations probing the optical and electronic response of these small systems. One of the most striking results is the observation of plasmon excitations in alkali metal clusters first calculated by Ekardt (1985) and later measured by de Heer et al . (1987) . Based on quantum-chemical CI calculations Bonačić-Koutecký et al . (1991) explained these measurements by interference of many-electron excitations. Later, clusters of several metals were found to show collective effects (de Heer 1993) . Excitations in an energy range close to the dipole resonance have been found to exhibit high absorption cross sections (≈ 1Å 2 per s-electron). The resonance energies are located in the visible to the near UV spectral region, e.g. 4 eV for silver clusters (Tiggesbäumker et al . 1996) . Only recently, several attempts were made to calculate the optical response of sodium clusters to the irradiation by intense laser fields. An enhanced ionisation probability has been found when the exciting laser wavelength resides in the vicinity of the dipole resonance of the system (Reinhard and Suraud 1998; Kurkina 1999; Schlipper et al . 1998) .
In this work we will concentrate on the coupling of intense femtosecond laser light to platinum and lead clusters and especially to the role of possible plasmon excitations involved.
Experimental Setup
In our experiment a pulsed beam of neutral clusters produced by a PACIS type source (Siekman et al . 1991; Cha et al . 1992; Gausa et al . 1996 ) is irradiated by a focused, high intensity, femtosecond laser beam. In former experiments we have used a linear Wiley-McLaren (1955) type time-of-flight (TOF) setup in which the cluster beam was collinearly irradiated by the laser pulse (Setup A). In order to achieve a sufficient mass resolution a delayed extraction scheme was used. However, this setup discriminates against ions having high recoil energies. A distinguishing mark is that the detected fragment ions are emerging both from the high intensity and from the lower intensity region of the laser focus (typically up to three orders of magnitude lower than the peak intensity). In the new setup the ions are accelerated by a single electric field (1500 V cm −1 ) perpendicular to the interaction plane-see Fig. 1 . After passing an adjustable narrow slit which is used to restrict the detection to ions from inside the Rayleigh range (Diels and Rudolph 1996) of the laser focus, the particles enter a 0 · 5 m long TOF tube which contains the ion detector and a two-stage ion reflector (Mamyrin et al . 1973 ) in order to partly compensate for the high recoil energies of the ejected ions (Setup B).
The laser pulses are generated by a Ti: sapphire chirped-pulse amplification (CPA) system operating at 800 nm which corresponds to a photon energy of E ph =1 · 54 eV. The energy per pulse after stretching, regenerative amplifying and recompressing can be as high as 35 mJ. In the experiment the pulses are focused using a lens with a focal length of 50 cm yielding peak intensities of ∼ 10 16 W cm −2 . The Rayleigh range (which is defined as the distance between the focus and the point where the waist has broadened by a factor of √ 2) in this configuration is about 2 · 5 mm. In order to investigate the dependence of the multi-ionisation of the clusters on the light pulse width, the compressor inside the CPA system can be detuned. By doing so the duration of the pulses can be adjusted from τ = 80 fs to several ps. 
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Results and Discussion
As checked by monitoring the charged clusters coming directly from the source (not shown here), the neutral beam contains only small clusters having a mean number of 50 atoms per cluster. Irradiating these clusters with laser pulses of 2 × 10 15 W cm −2 the ionic fragment distribution is recorded. Fig. 2 shows results for both experimental setups. The spectra show broad peaks which arise from multiply charged ions having high recoil energies. However, in the spectra measured with Setup A additional peaks arise from ionised clusters. Moreover, Pt which hints at high binding energies of the platinum atoms inside the cluster (Grushow and Ervin 1997) . For platinum no intensity from triply charged clusters is observed indicating that the small Pt In contrast to Setup A, Setup B maps only the volume inside the Rayleigh range of the laser focus (see Fig. 3 ). First, no charged clusters are present in the spectrum. Therefore, we conclude that clusters exposed to the laser pulse in this region are completely destroyed and only atomic ions are emitted. An advantage of this setup is that due to the different extraction scheme the observation is more sensitive to higher charged atomic ions, which is the real interest of this experiment. Furthermore, the use of a reflectron significantly increases the overall mass resolution, since the reflector compensates partly for the broad recoil energy distribution of several hundred eV present in the experiment.
Only recently, we have reported ) that the laser pulse width appears to be important for the charging process in metal clusters. In contrast to the interaction of atoms with intense light fields the abundance of higher charged ions increases with longer pulse durations in spite of the drop in laser intensity. For clusters of heavy metal atoms a pulse width of 600 fs leads to a maximum efficiency of the charging process. For this pulse width, ionising neutral Pb clusters with an intensity of 2 × 10 15 W cm −2 yields a spectrum with atomic charge states of up to z = 20 (see Fig. 3 In order to model the underlying physics we consider the cluster as being a metal sphere, the optical response of which is calculated within the random phase approximation (RPA) (Bertsch 1990 ). Hence, the electron distribution is smeared out over the whole cluster radius. If we consider that the jellium sphere is ionised to a certain charge state the cluster will expand due to the Coulomb forces and thus the electron density will decrease. However, this will influence the further coupling of the radiation into the cluster. Hence, the ionisation efficiency should depend on the width of the exciting light pulse as we have seen in the experiment. For a quantitative analysis, first the time development of the electron density has to be calculated, which in a second step will serve as input for the computation of the optical response of the jellium cluster.
In the simulation presented here Pt 58 is used as a model system. Although platinum is not a jellium material we apply this simplified method in order to get a first estimate of the time scales involved. We restrict ourselves to relatively low intensities of approximately 10 13 W cm −2 . In this regime Pt 58 is assumed to be ionised up to z = 29 by Gaussian light pulses with three different widths exclusively via tunneling ionisation. The charge state which can be reached by this process is proportional to the peak intensity of the laser pulse. Hence, supposing a constant charge state means keeping the laser intensity constant, in contrast to the experiment where the pulse energy is left unchanged for the different pulse widths. We also assume that the charging is complete when the maximum of the laser pulse is reached, i.e. the ionisation process takes place only at the rising edge.
In the beginning of the process the increasing charge state dominates the resonance energy of the cluster since the electron density stays relatively constant. Thus, the plasmon first shifts to higher energies-see Fig. 4 . Note the steps for the 600 fs and the 1 ps pulses which illustrate the first ionisation stages of the cluster. After a certain time, depending on the chosen pulse width, the electron density starts to decrease significantly and determines the plasmon resonance which consequently drops to lower energies. For all pulse widths the simulation starts at t = 0 fs where the pulses have 5% of the peak intensity. Even though the intensity envelopes of the laser pulses are not explicitly shown in Fig. 4 it can be seen that with increasing pulse widths the interception points of the plasmon resonance curves with E L approach the maxima of the light pulses, see the arrows. Clearly with the shortest pulse there is not enough time for a sufficient expansion which would shift the plasmon into resonance with the photon energy of the laser. For the longer pulses, however, the dipole resonance decreases from 6 eV to below E ph within the timescale of the laser pulse even though the expansion of the cluster is slower. Thus the pulse has to have a sufficient width in order to bring the system into resonance with the exciting laser field. . Time evolution of the dipole resonance of Pt58 as a result of the interaction with laser intensities of 10 13 W cm −2 for a 150 fs (solid curve), a 600 fs (dashed curve) and a 1 ps (long dashed curve) light pulse. The arrows indicate the times when the laser pulses reach their maximum intensities and hence the charging process via tunneling ionisation is complete (for details see text). Note the different times which are needed until the plasmon resonance matches the laser photon energy of E ph =1 · 54 eV.
In contrast to the hydrodynamic model by Ditmire et al . (1996) which explains the results on large rare gas clusters with several thousands of atoms, here only some tens of atoms are present, most of which are on the surface. In our model the development of the plasmon energy is explicitly treated for metal clusters through the RPA calculations with the corresponding boundary conditions. For metal clusters it is well known that mainly the charge distribution at the surface induces the shift of the plasmon energy relative to that of the corresponding infinite surface.
In conclusion, platinum and lead clusters have been investigated under strong laser field conditions. Two experimental setups have been tested and it turns out that clusters interacting inside the Rayleigh range of the laser focus with the intense light field are completely destroyed. In addition the mass spectra of charged atomic ions show a significant dependence on the laser pulse width. Maximum abundance of highly charged fragments is observed for a width of about 600 fs, where charge states up to z = 20 have been identified. RPA calculations combined with a simulation of the Coulomb explosion process induced by tunneling ionisation show that the ionisation process is strongly enhanced by plasmon absorption, whenever the collective resonance frequency of the metal cluster matches the photon energy of the laser beam, which agrees well with the experimental observations.
